The low efficiency of conventional therapies in achieving long-term survival of lung cancer patients calls for development of novel options. Aerosol gene delivery may provide the alternative for safe and effective treatment for lung cancer. Therefore, current study was performed to elucidate the potential effects of C-terminal modulator protein (CTMP) via aerosol on lung tumorigenesis. Lentiviral vector-CTMP was delivered into K-ras null lung cancer mice through the noseonly inhalation system for 30 min. After 48 h, the potential effects of CTMP on Akt1-related signals and cell cycle regulation in the lungs were evaluated by western blot, immunohistochemistry and zymography. Lentivirus-based CTMP delivery inhibited the Akt1 activity through selective suppression of Akt1 phosphorylation at Ser473. Aerosol delivery of CTMP inhibited proteins important for Akt1 signals, cell cycle and tumor metastasis in lungs of K-ras null mice. Together, our results suggest that lentivirusmediated aerosol delivery of CTMP may be compatible with noninvasive in vivo gene therapy. Our results emphasize the importance of noninvasive-targeted delivery of CTMP for lung cancer therapy in the future. While the studies are conducted in mice, it is envisioned that noninvasive targeting the specific genes responsible for cancer progression is an attractive strategy for effective anticancer therapeutics.
Introduction
Lung is a highly accessible organ and therefore amenable to topical application of gene delivery system. The field of pulmonary medicine has invested great effort in the hopes of finding feasible noninvasive therapeutic approaches for diverse lung diseases including cancer. [1] [2] [3] Different approaches for gene delivery to the lung such as intravenous injection and nasal or intratracheal instillation have been reported in various animal models. 4, 5 However, these strategies are invasive or the methods may not be suitable for effective delivery of the gene-of-interest throughout pulmonary tissues.
Vectors derived from adenovirus and herpes virus have already proved to be efficient in many experimental models, but technical limitations make it extremely difficult to obtain vector stocks devoid of replicationcompetent particles. 6 In general, the production systems for these vectors require helper viruses or genomes that cannot be totally eliminated from stocks, accounting for 0.01-1% of all of the viral particles present. 7 Stocks may, therefore, be strongly immunogenic, thereby hindering their general use in clinical applications. 6 Lentivirusderived vectors appear to be among the most promising alternatives: they can transport up to 8 kb of DNA of interest, they can be pseudotyped so that they present the chosen tropism (broad or specific), they transduce both dividing and nondividing cells, they are produced easily without the need for helper particles and they are only weakly immunogenic. 8 Therefore, we suggest that gene delivery through inhalation, a viral, noninvasive treatment option with numerous advantages over invasive modes of gene delivery, may be useful in treatment of a wide range of pulmonary disorders including lung cancer.
The serine-threonine kinase Akt (protein kinase B) is an important regulator of cell survival and cell proliferation. 9 Akt1 plays a key role in cancer by stimulating cell proliferation and inhibiting apoptosis. 10 Amplification of genes encoding Akt isoforms have been found in many tumors. 9 Because Akt1 promotes both cell survival and proliferation, specific inhibition of its downstream signaling pathway for instance by altering Akt1 activity may be a rational therapeutic strategy for tumors with amplification of Akt1 gene. Therefore, regulation of Akt1 signaling can be applicable for the treatment of lung cancer. Recently, Maira et al. 11 identified the novel protein C-terminal modulator protein (CTMP) that binds Akt1, inhibits its phosphorylation at threonine 308 and serine 473, and acts as a negative regulator of Akt1. Thus, enhancement of CTMP function and/or protein expression may suppress Akt1 and its related signal transduction.
Approximately 30% of human tumors carry ras gene mutations. Of the three members of ras family, K-ras, Nras and H-ras, K-ras is found to be the most frequently mutated member in human tumors, including lung adenocarcinomas (25-50%). 12 Mice carrying such mutations are highly predisposed to a range of tumor types and exhibit short latency and high penetrance. 13 In this study, K-ras null mice, a laboratory animal model of nonsmall lung cancer (NSLC), was used for in vivo assessment of effects of aerosol-delivered CTMP in lung tumorigenesis. Here, we report that lentivirusmediated CTMP delivery via aerosol can suppress pulmonary tumorigenesis in the lungs of K-ras null mice through controlling Akt1-related signals, cell cycle and angiogenesis. Our results support the possibility that lentivirus may serve as an effective carrier, and that aerosol delivery of CTMP may be a promising approach for lung cancer treatment and prevention in the future.
Results

Delivery efficiency of lentivirus-CTMP
Gene delivery efficiency of lentivirus-green fluorescent protein (GFP) (reporter gene) and lentivirus-CTMP (target gene) was evaluated. Immunofluorescence analysis of mouse-specific intracellular antigen against macrophage and monocyte showed that delivered lentivirus-GFP successfully avoided the attack of alveolar macrophage. As shown, the green signal of GFP is dominant ( Figure 1Aa ) compared with the red signal of mouse-specific intracellular antigen against macrophage and monocyte (Figure 1Ab ). Green ( Figure 1Ac ) and red signals (Figure 1Ad ) in lentivirus vector control and control mice (Figure 1Ae , f) were negligible. Please note that dominant green signals represent the expression of GFP protein escaped from digestion by alveolar macrophage and monocyte shown with red color. In addition, western blot analysis of CTMP protein in the lungs demonstrated that lentiviral delivery of CTMP via aerosol increased the CTMP protein expression significantly ( Figure 1B ). Densitometric analysis further confirmed successful lentiviral delivery and expression of CTMP in the lungs of K-ras null mice treated with aerosol-delivered lentivirus-CTMP ( Figure 1C ).
Lentiviral delivery of CTMP via aerosol alters Akt in the lungs of K-ras mice
To determine whether aerosol-delivered lentivirus-CTMP would affect the Akt activity in the lungs of K-ras null mice, western blot was carried out to quantify protein expression levels of representative Aktsignals. Aerosol-delivered lentivirus-CTMP significantly decreased phospho-Akt1 at Ser473, whereas phosphoAkt1 at Thr308 and total Akt1 protein levels remained unchanged (Figure 2a ). Densitometric analysis of bandsof-interest clearly confirmed the result of western blot analysis (Figure 2b) . Immunohistochemical analysis also clearly demonstrated that lentiviral delivery of CTMP via aerosol could suppress the protein expression of phospho-Akt at Ser473 significantly (Figure 2c ). Such suppressed phospho-Akt at Ser473 protein expression was distinctively demonstrated by the relative intensity of staining for phospho-Akt at Ser473 (Figure 2d ). In addition, aerosol-delivered lentivirus-CTMP significantly decreased Akt kinase activity because expression of phospho-GSK3b at Ser 9, substrate of Akt, was suppressed significantly (Figure 2e ). Densitometric analysis of bands-of-interest clearly confirmed the result of western blot analysis (Figure 2f ). Together, aerosoldelivered CTMP suppressed Akt activity significantly.
Lentiviral delivery of CTMP via aerosol alters signals important for cell cycle in the lungs of K-ras null mice
The potential ability of aerosol-delivered lentivirus-CTMP to regulate cell growth through cell cycle control was examined by western blot. Aerosol-delivered lentivirus-CTMP significantly increased the protein levels of p53, p21 and p27 in the lungs of K-ras null mice ( Figure  3a ). Densitometric analysis re-confirmed western blot results (Figure 3b ). Immunohistochemical assay clearly demonstrated that aerosol-delivered lentivirus-CTMP increased the expression level of p53 in the lungs of K-ras null mice. Please note that the positive signals (dark brown) are more dominant than those of control and vector control (Figure 3c ). The relative intensity of staining for p53 also re-confirmed immunohistochemistry results (Figure 3d ). Moreover, aerosol delivery of lentivirus-CTMP decreased the protein expression of phospho-MDM2 at Ser166 significantly while total MDM2 level remained unchanged (Figure 3e ) with reconfirmation by densitometric analysis (Figure 3f ). Based on about findings, we also investigated the expression level of cell cycle regulatory molecules by western blot. Aerosol delivery of lentivirus-CTMP decreased the protein levels of CDK4 and proliferating cell nuclear antigen (PCNA) significantly, whereas protein expressions of cyclin-dependent kinase 2 (CDK2), cyclin D1 and E remained unchanged ( Figures  4a and b) .
Lentiviral delivery of CTMP via aerosol inhibits signals important for angiogenesis in the lungs of K-ras null mice
Matrix metalloproteinase-2 (MMP-2) activation have been directly correlated with the aggressiveness of tumor cells, therefore, its expression and activity is related to the invasiveness and metastatic potential of various cancer cells.
14 To examine the potential effect of aerosol delivery of lentivirus-CTMP on MMP-2 activity in lungs of K-ras null mice, zymography and western blot assay were carried out. Our zymographic analysis demonstrated that aerosol delivery of lentivirus-CTMP decreased MMP-2 activity compared to those of control and vector control (upper panel of Figure 5a ). Such decreased MMP-activity was further confirmed by western blot of active MMP-2 protein expression (middle panel of Lentivirus-mediated CTMP gene transfection S-K Hwang et al Figure 5a ). Densitometric analysis re-confirmed western blot result ( Figure 5b ). Vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2) are important stimulator of angiogenesis which have been implicated in neoplastic progression. 15 Therefore, we studied expression levels of VEGF and FGF-2 in the lungs of K-ras null mice. Aerosol delivery of lentivirus-CTMP resulted in a significant decrease in protein level of FGF-2, however, the protein expression of VEGF remained unchanged (Figures 5c and d) . Immunohistochemistry study clearly showed that FGF-2 expression level decreased significantly compared to control and vector control (Figure 5e ). The relative intensity of staining for FGF-2 confirmed such pattern as shown in Figure 5f . Angiogenesis, the sprouting of new blood vessels, plays a role in diverse pathologies including neoplastic, inflammatory and degenerative conditions. 16, 17 Thus, further confirmatory study of angiogenesis was performed using CD31 and CD34 as angiogenic marker proteins in the lungs of K-ras null mice. Immunohistochemistry study clearly showed that CD31 and CD34 expression levels decreased significantly compared to control and vector control (Figure 5g ). The relative intensity of staining for CD31 and CD34 confirmed such pattern as shown in Figure 5h .
Discussion
In recent years much effort has been focused on the development of aerosol gene delivery technology for the treatment of diverse lung diseases including cancer. This effort has involved finding appropriate viral delivery carriers. Since 1980s, the use of gene delivery vectors To overcome these problems, lentiviral vectors were developed. 21 In fact, lentiviral vectors exhibit several advantages over other viral systems in that they are less immunogenic and are capable of transducing a wide range of difference cell types. 22 Such advantages were clearly demonstrated by current study because delivery efficiency was proven by both GFP expression ( Figure 1A ) as well as CTMP protein expression (Figures 1B and C) . Figure 4 Western blot analysis of cyclin-dependent kinase 2 (CDK2) and 4, cyclin D1, E, proliferating cell nuclear antigen (PCNA).
(a) Lysates from the lungs of K-ras null mice treated with aerosol-delivered C-terminal modulator protein (CTMP) were analyzed for CDK inhibitors by western blot. (b) Bands-of-interest were further analyzed by densitometer. *Po0.05 was considered significant and **Po0.01 highly significant compared with corresponding control. Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (mean7s.e., n ¼ 3). CON, control; VEC, vector control; CTMP, aerosol CTMP-delivered lungs.
Lentivirus-mediated CTMP gene transfection S-K Hwang et al
As mentioned earlier, CTMP acts as a negative regulator through suppressing the Akt1 activity. 11 Our results clearly showed that delivered CTMP selectively suppressed the phosphorylation of Akt1 at Ser473 (Figure 2 ). Such selective suppression of specific phosphorylation may be responsible for downregulation of Akt1 activity. Our findings are supported by the recent works indicating that Akt1 requires phosphorylation of both Thr308 and Ser473 for full activity. 23, 24 Akt is composed of three isoforms (Akt1, 2 and 3), which, in general, are broadly expressed, although there are some isoform-specific features. 9 In fact, Akt1 is implicated in the treatment resistance of NSLC, 25 suggesting Akt1 inhibition as a key factor for specific cancer cell death. Although Akt1 activation has been implicated in upregulated cell proliferation, in vivo effects of Akt1 in terms of cell proliferation remain largely unknown. As such, we undertook the function of Akt1 in lung cancer progression with the aid of lentiviral-mediated CTMP gene delivery to address these issues.
We demonstrated that the inhibition of Akt1 activity is sufficient to suppress Akt1-related signals important for cell cycle progression (Figures 3 and 4) and, thus, to inhibit pulmonary tumor metastasis ( Figure 5 ). Our results showed that upregulation of p53 was observed in the lungs where CTMP was overexpressed, thus, suggesting that Akt1 inactivation by CTMP may provide important therapeutic applications. In fact, cross talk between Akt and p53 pathways is responsible for controlling abnormal cell proliferation through regulation of apoptosis. 26 Moreover, p53 activity is tightly associated with cyclin-dependent kinase inhibitors p21 Lentivirus-mediated CTMP gene transfection S-K Hwang et al and p27. 27 Such data suggest that lentiviral vectormediated CTMP overexpression may control cell cycle through increased p53, p21 and p27 protein expression. Such regulated cell cycle control induced decreased protein expression of PCNA and CDK4 ( Figure 4) .
As shown in Figure 5 , lentiviral delivery of CTMP suppressed pulmonary MMP-2 and FGF-2 expressions. Our finding is supported by the recent report that inactivation of Akt by a dominant negative form of Akt could result in suppression of MMP secretion thus suppression of in vivo pulmonary cancer metastasis. 28 Recently, Harada et al. 29 also reported that decreased expression of Akt phosphorylation and FGF-2 was correlated with decreased tumorigenicity and angiogenesis in vivo and such reduced angiogenesis was partly due to the blockade of Akt1 activity. Our results also demonstrated that suppression of Akt1 activity by lentivirus-mediated CTMP overexpression might be responsible for inhibition of tumor progression. As mentioned earlier, angiogenesis plays a role in diverse pathologies including neoplastic, inflammatory and degenerative conditions. 16 In current study, we used another important two representative angiogenesis marker proteins such as CD31 and CD34. CD31 (PECAM-1; platelet/endothelial cell adhesion molecule-1) is a single chain type-1 transmembrane protein that plays a role in adhesive interactions between adjacent endothelial cells as well as between leukocytes and endothelial cells. 17 Recently, usefulness of CD31 as a progressive inflammatory angiogenesis marker has been re-confirmed in mouse liver model. 30 On the other hand, CD34, a member of the immunoglobulin superfamily, is frequently used as an angiogenic marker protein because CD34 staining shows the extent of angiogenesis. CD34 plays a major role in the adhesion cascade between endothelial cells during angiogenesis. 17 Combined with suppressed Akt1 activity (Figure 2 ), suppression of cell cycle progression (Figures 3 and 4) and decreased angiogenesis ( Figure 5 ), these data suggest that lentivirus-CTMP delivery through aerosol may suppress lung tumorigenesis effectively.
Recent line of evidence also demonstrated that Akt1 deficiency was sufficient to significantly attenuate tumor development induced by PTEN deficiency. 31 Our group also provided strong evidence that aerosol delivery of PTEN suppressed Akt downstream pathways in the lungs of K-ras null mice. 23, 32 A recent report also showed that partial Akt1 ablation could be used as a general approach to inhibit tumorigenesis induced by lesions, which did not directly activate Akt. 33 Interestingly, Chen et al. 31 reported that Akt1 knockout mice were not impaired in their life span and might possibly live longer than wild-type mice. It was also suggested that Akt1 suppressed metastasis. 34 Together, targeting of Akt1 using its counter partner CTMP may be used as a therapeutic approach for cancer without causing significant physiological problems in the future.
Through this study, we emphasize the importance of developing effective and selective preventive options for lung cancer through an extensive in vivo research into the therapeutic effects of CTMP mentioned above. In conclusion, lentivirus-mediated delivery of CTMP via aerosol efficiently suppressed signals important for lung cancer progression. The results of our study strongly suggest that aerosol gene delivery may provide an effective noninvasive model of gene delivery and CTMP may be effective in targeting the Akt1 and cell cycle regulation for lung cancer prevention as well as treatment in the future.
Materials and methods
Materials
Monoclonal antibodies against Akt1 and phospho-Akt at Ser473 were produced using a general method described elsewhere. Antibodies against phospho-Akt at Thr308, cyclin D1, cyclin-dependent kinase 4 (CDK4), PCNA, p53, p21, p27, cyclin E, CDK2, VEGF, FGF-2 and MMP-2 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase antibodies were obtained from BD Biotechnology (San Jose, CA, USA). pEntry 1A-TOPO vector, pLenti4/CMV/V5-DEST vector kits and lentiviral expression plasmids were purchased from Invitrogen (Carlsbad, CA, USA). pcDNA3.1-GFP was purchased from Invitrogen). p-GSK3 and p-MDM2 were obtained from Cell Signaling (Beverly, MA, USA). Antibody against CD31, CD34 and MDM2 was purchased from Abcam (Beverly, MA, USA). Polyclonal CTMP antibody was raised a general method described elsewhere.
Construct of lentivirus-CTMP
Lentivius-CTMP was prepared by amplifying the Flag-CTMP (a kind gift of Dr Brian Hemmings, FMI, Switzerland) with the primers (forward primer sequence 5 0 -ACGCGTCGACATGCTGAGGAGCTGCGCC-3 0 and reverse primer sequence 5 0 -CCGCTCGAGTGTCAGA CTTTTAGCAGGATTC-3 0 ). The PCR products were subcloned between Sal I and Xho I sites of the entry vector, pEntry 1A-TOPO vector using the pEntry directional TOPO cloning kit (Invitrogen).
Production of lentivirus-CTMP and titration
A total of 5 Â 10 6 293FT cells were seeded in 10-cmdiameter dishes 24 h prior to transfection in Dulbecco's modification of Eagle's medium (DMEM) (WelGENE, Daegu, Korea) with 10% fetal bovine serum, penicillin (100 IU ml À1 ); in a 5% CO 2 incubator, a total of 12 mg of plasmid DNA was used for the transfection of one dish: 3 mg of expression plasmid and 9 mg of transfer vector plasmid viral power packaging plasmids (pLP1, pLP2, pLP/VSV-G). An equal volume of lipofectamine reagent was added to this DNA mixture and the complexes were incubated at room temperature for 20 min before transfection. The medium (10 ml) was replaced with DMEM after 24 h. The viral supernatant was collected after 48 h, then the viral concentration was determined by HIV-1 p24 ELISA kit (Perkin Elmer, Boston, MA, USA).
In vivo aerosol delivery of lentivirus-CTMP
Experiments were carried out on 6-week male ICR (three mice/group) and K-ras null mice (three mice/group). ICR mice for in vivo gene transfection efficiency were purchased from Joongang Laboratory Animals (Seoul, Korea). Breeding K-ras null mice were obtained from Human Cancer Consortium-National Cancer Institute (Frederick, MD, USA) and kept in the laboratory animal facility with temperature and relative humidity mainLentivirus-mediated CTMP gene transfection S-K Hwang et al tained at 2372 and 50720% respectively and were kept on a 12-h light/dark cycle. Mice were placed in noseonly exposure chamber and exposed to the aerosol. Aerosol was generated using the patented nebulizer (Korea Patient no. 20304964) designed to minimize sample loss as well as shearing force. For the delivery efficiency, K-ras null mice were exposed to aerosol containing lentivirus-CTMP solution (50 ml) of contained 40 ng ml À1 of lentivirus-CTMP. K-ras null mice were allowed to inhale the aerosolized lentivirus-CTMP from the nebulizer for 30 min. For delivery efficiency, ICR mice were exposed to aerosol containing lentivirus-GFP as a control under same condition. Two days after exposure, the mice were killed, and lung samples were collected for further analysis. All methods used in this study were approved by the Animal Care and Use Committee at Seoul National University (SNU-070117-1).
Western blot analysis
Protein concentration of the homogenized lysates was measured using Bradford kit (Bio-Rad, Hercules, CA, USA) and equal amounts (50 mg) of protein were separated on SDS-PAGE and transferred into nitrocellulose membranes (Amersham Pharmacia, Cambridge, UK). After membranes were blocked in TTBS containing 5% skim milk for 1 h, immunoblotting was performed by incubating overnight 4 1C with corresponding primary antibodies (1:1000 v/v) in 5% skim milk and then with second antibodies conjugated to horseradish peroxydase (HRP) for 3 h at room temperature or overnight at 4 1C. After washing, the bands-of-interests were analyzed by luminescent image analyzer LAS-3000 (Fujifilm, Toyko, Japan). Results were quantified using Multi Guage version 2.02 software (Fujifilm).
Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded tissue sections were cut at 5 mm and transferred to plus slides (Fisher Scientific, Pittsburgh, PA, USA). The tissues were deparaffinized in xylene and rehydrated through alcohol gradient. The tissue sections were incubated in 150 ml proteinase K, washed and incubated in 3% hydrogen peroxide (AppliChem, Darmstadt, Germany) for 30 min to quench endogenous peroxidase activity. After washing in phosphate-buffered saline (PBS), the tissue sections were incubated with 3% bovine serum albumin in PBS for 1 h at room temperature to block the unspecific binding sites. Primary antibodies were applied on tissue section for overnight at 4 1C. The following day, tissue sections were washed and incubated with secondary HRP-conjugated antibodies for 2 h at room temperature. After washing, tissue sections were counterstained with Mayer's Hematoxylin (DAKO, Carpinteria, CA, USA) and washed with xylene. Cover slips were mounted using Permount (Fisher Scientific), and the slides were reviewed using a light microscope (Carl Zeiss, Thornwood, NY, USA). Staining intensity of phospho-Akt at Ser473 and FGF-2 for quantification of IHC analysis was performed using In Studio version 3.01 program (Pixera, San Jose, CA, USA). Staining intensity was assessed by counting the number of positive cells in randomly selected fields viewed with appropriate magnification of objective lens.
Gelatin zymography assay
The lung tissues were homogenized and protein was measured using the Bradford reagent (Bio-Rad). Equal amounts of protein were electrophoresed in 12% sodium dodecyl sulphate-polyacrylamide gel containing 1% gelatin. The gel was then washed with 2.5% Triton X-100 at room temperature for 2 h and subsequently incubated at 37 1C in a buffer containing 10 mmol per/ CaCl 2 , 150 mmol per NaCl and 50 mmol per Tris-HCl (pH 7.5) for 48 h. The gel was stained with Coomassie blue to visualize gelationlytic activity.
Data analysis
Quantification of western blot analysis was done by using Multi Gauge version 2.02 program (Fujifilm). All results are given as means7s.e. The results were analyzed by Student's t-test (Graphpad Software, San Diego, CA, USA). *Po0.05 was considered significant and **Po0.01 highly significant compared with corresponding control values.
